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Coupling of a Replicative Polymerase and Helicase:
A t±DnaB Interaction Mediates
Rapid Replication Fork Movement
Sungsub Kim,* H. Garry Dallmann,² template simultaneously unwinding the duplex DNA
ahead of the fork and manufacturing the primers forCharles S. McHenry,² and Kenneth J. Marians*³
*Graduate Program in Molecular Biology Okazaki fragment synthesis. In E. coli, the primase and
helicase functions are provided by DnaG (BoucheÂ etCornell University Graduate School of Medical Sciences
New York, New York 10021 al., 1975) and DnaB (Lebowitz and McMacken, 1986),
respectively, and the polymerase is theDNA polymerase²Department of Biochemistry, Biophysics, and Genetics
and Graduate Program in Molecular Biology holoenzyme (pol III HE), itself composed of ten subunits
(Maki et al., 1988).University of Colorado Health Sciences Center
Denver, Colorado 80262 We have been studying E. coli replication fork function
using a rolling circle-type replication system supported³Molecular Biology Program
Memorial Sloan±Kettering Cancer Center by a tailed form II DNA template (TFII) and reconstituted
with the pol III HE, the E. coli single-stranded DNA-New York, New York 10021
binding protein (SSB), and the wX-type primosome (re-
quiring PriA, PriB, PriC, DnaT, DnaC, DnaG, and DnaB) to
provide the helicase and primase activities. This systemSummary
accurately mimics E. coli replication fork action in that
the DNA that is synthesized is composed of a long lead-The E. coli replication fork synthesizes DNA at the rate
ing strand and short (1.5±2.0 kb) Okazaki fragments (Wuof nearly 1000 nt/s. We show here that an interaction
et al., 1992a), is in excess of 0.5 Mb in length, andbetween the t subunit of the replicative polymerase
is synthesized processively at 600±800 nt/s (Mok and(the DNA polymerase III holoenzyme) and the replica-
Marians, 1987; Wu et al., 1992a).tion fork DNA helicase (DnaB) is required to mediate
Using this system, we were able to identify severalthis high rate of replication fork movement. In the ab-
key events (presumably mediated by protein±protein in-sence of this interaction, the polymerase follows be-
teractions) that were essential for replication fork func-hind the helicase at a rate equal to the slow (z35 nt/s)
tion. Among these were the following: formation of aunwinding rate of the helicase alone, whereas upon
dimeric polymerase at the fork that simultaneously syn-establishing a t±DnaB contact, DnaB becomes a more
thesized the leading and lagging strands (Wu et al.,effective helicase, increasing its translocation rate by
1992b); an interaction between the polymerase and themore than 10-fold. This finding establishes the exis-
primase that acted to limit primer length to 10±12 nttence of both a physical and communications link be-
(Zechner et al., 1992); an interaction between the pri-tween the two major replication machines in the repli-
mase and the helicase that regulated the cycle of Oka-some: the DNA polymerase and the primosome.
zaki fragment synthesis (Wu et al., 1992c). We proved
subsequently that this latter event was a result of aIntroduction
transient protein±protein interaction between DnaG
and DnaB (Tougu et al., 1994). Our initial studies (MokThe enzymes at the replication fork of Escherichia coli
and Marians, 1987) also demonstrated that SSB wasform a highly efficient machine that synthesizes DNA at
not required for rapid leading-strand synthesis. Thisthe rate of nearly 1000 nt/s (Chandler et al., 1975) while
prompted us to propose, because SSB eliminates sec-making less that one mistake in 109 nucleotide polymer-
ondary structure in the template strand that would nor-ization events (Drake et al., 1969). While proceeding at
mally block polymerase progression (LaDuca et al.,this high rate, the replication machine also coordinates
1983), that the leading strand polymerase and DnaBthe continuous synthesis of the leading strand and the
were in close enough proximity, and most likely in pro-discontinuous synthesis of the lagging strand.
tein±protein contact, so that no secondary structureThe minimal activities required at a replication fork are
could form in the template strand as it exited DnaB andthe following: a DNA helicase must unwind the parental
encountered the polymerase.template; a primase must synthesize short oligoribo-
We demonstrate in this report that, in fact, a protein±nucleotides that serve as primers for synthesis of the
protein interaction between one of the subunits of theOkazaki fragments on the lagging strand, a single-
pol III HE (t) and DnaB is required to mediate rapidstranded DNA-binding protein that coats the single-
replication fork progression. In either the absence of thestranded lagging-strand template and interacts with
pol III HE or at processive replication forks reconstitutedother replication proteins; and a DNA polymerase must
in the absence of t, primosome-catalyzed unwindingsynthesize the nascent leading and lagging strands. In
and replication fork progression both proceed at 30±35bacteria, the primase and helicase functions generally
nt/s. When t was present, the forks moved at least 10-associate, either as two distinct activities in one multi-
fold faster. A physical association between t and DnaBfunctional protein (Bernstein and Richardson, 1989) or
was demonstrated by gel filtration chromatography. Invia protein±protein interactions between two distinct
addition, immunoblotting was used to show that of allproteins (McMacken and Kornberg, 1978; Venkatesan
the subunits of the pol III HE, only t exhibited a demon-et al., 1982), to form a primosome (Marians, 1992), a
multienzyme unit that tracks along the lagging-strand strable interaction with DnaB.
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length of the template had been generated and DNA
synthesis was dependent on both DnaB and all the other
primosomal proteins (Figure 1A). Our investigation into
the underlying differences between replication forks ei-
ther containing or lacking t revealed the following: the
Okazaki fragments were smaller because the t-less fork
moved more slowly than one containing t, whereas the
period of the Okazaki fragment cycle (Wu et al., 1992c)
remained the same; t normally protected the b sliding
clamp joined with the leading-strand polymerase from
being recycled by the g complex (Kim et al., 1996); a
t±DnaB interaction was required for rapid fork move-
ment. We will report on the latter subject here and the
former two elsewhere.
The Rate of Replication Fork Movement
in the Absence of t Is Limited to That
of the DNA Helicase
Our previous studies had demonstrated that the size ofFigure 1. Replication Forks Produce Shorter Leading and Lagging
Okazaki fragments synthesized by a replication fork wasStrands in the Absence of t
regulated by a clock-type mechanism generated by the(A) Standard rolling circle replication reactions with the omission of
distributive interaction between DnaG and DnaB (Wu etthe indicated protein or proteins were performed and analyzed as
described in Experimental Procedures. Complete replication forks al., 1992c; Tougu et al., 1994). The concentration of
synthesize two populations of nascent DNA: a long leading strand DnaG present in the experiment shown in Figure 1A was
that barely enters the gel and migrates as a band at about 50 kb the same in the presence or absence of t. Thus, the
and a population of short Okazaki fragments that migrate as a smear
period of the clock remained unaltered. Therefore, thebetween 5 and 0.6 kb. PP, primosomal proteins. In the lanes labeled
only way that the Okazaki fragments could be reduced inDnaB and PP, both these proteins and t were omitted from the
size would be for the amount of lagging-strand templatereaction. DNA synthesis for these reactions were (left to right) 102.2
pmol, 14.4 pmol, 3.8 pmol, and 3.7 pmol of [32P]dAMP incorporated generated between two successive priming events to
into acid-insoluble product. be decreased, i.e., the fork had to move more slowly.
(B) t is not required for rapid nascent chain elongation on primed To assess this, we focused only on leading-strand
poly(dT). DNA products formed in the presence of core and SSB
synthesis. To do so in the absence of the lagging-strandand either the presence or absence of t in a 2 s incubation starting
synthetic machinery, we first loaded b onto the TFIIfrom a b±poly(dT)±(dC40±dT40):59-[32P]oligo(dG30) complex were ana-
template via the action of the g complex and then iso-lyzed as described in Experimental Procedures.
lated the b±TFII DNA complex by gel filtration away from
free b and g complex. It has been shown previously that
the g complex must load b onto the primer terminus,Results
but subsequent to that, b will associate with the pol III
core to form a processive polymerase (Wickner, 1976;In the Absence of t, Replication Forks
Synthesize Shorter Leading O'Donnell, 1987).
The rate of leading-strand synthesis by replicationand Lagging Strands
The availability of each of the subunits of the pol III HE forks reconstituted with the b±TFII DNA complex, the
preprimosomal proteins (the primosomal proteins with-in overexpressed and purified form has allowed us to
consider in detail their roles during DNA replication. In out DnaG), SSB, and the pol III core was measured in
the presence and absence of t (Figures 2A and 2B).doing so, we noted that replication forks reconstituted
in the presence of the TFII DNA template, the wX-type In these experiments, aliquots were removed from the
reaction mixture at appropriate intervals (10 s and 2 minprimosomal proteins, SSB, the pol III core (composed
of the a, e, and u subunits), the g complex (composed in the presence and absence of t, respectively), and the
DNA products were analyzed by alkaline agarose gelof the g, d, d9, x, and c subunits), and the b processivity
factor, produced shorter leading and lagging strands electrophoresis. The change in size of the longest DNA
product as a function of time (as determined from thethan ones that also included the t subunit of the pol III
HE (Figure 1A). In the presence of t, as noted previously phosphorimager profiles [Figures 2C and 2D]) is a direct
measure of the rate of replication fork movement (Mokfor the DNA products of this system (Wu et al., 1992a),
the leading strandwas very large. On these 0.5% alkaline and Marians, 1987). In the experiment shown here, these
rates were 400 nt/s and 30 nt/s in the presence andagarose gels, it migrated to the exclusion limit of about
50 kb. The Okazaki fragments presented as a population absence of t, respectively.
The observed reduction in speed of the replicationcentered about 2 kb. In the absence of t, the Okazaki
fragments were much smaller, having an average size fork could arise from three basic causes: the polymerase
could actually synthesize DNA more slowly, the helicaseof about 300 nt, and the leading strand was only about
25±30 kb in length. could slow down, or the fork could have become non-
processive in nature. We investigated all three possibil-Even in the absence of t, a replication fork had clearly
formed because a leading strand roughly five times the ities.
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Figure 3. Rate of DNA Unwinding by the Preprimosome
BamHI-digested 59-[32P]TFII DNA was used as a substrate for un-
winding catalyzed by the preprimosome as described in Experimen-
tal Procedures. Aliquots were removed at the indicated times from
the start of the reaction, and the DNA products were analyzed with-
out deproteinization by electrophoresis through neutral agarose
gels. The presence of SSB bound to the single-stranded DNA ac-
counts for the fuzzy nature of the bands. The arrow indicates the
position of the 4 kb single strand (from the 59 end of the TFII to the
BamHI site) displaced by preprimosome-catalyzed unwinding.
To measure the rate of synthesis of a t-less leading-
strand polymerase, we first tried using a primed single-
stranded phage DNA on which b had been loaded. This
b±template complex was isolated, and the rate of syn-
thesis when the pol III core was added subsequently in
the presence or absence of t was determined. We found,
as had been noted previously (Maki and Kornberg,
1988), that in the absence of t the polymerase stalled
at regions of stable secondary structure. Thus, a rate
of synthesis could not be determined with this primer
template.
To avoid the problem with secondary structure, we
used poly(dT) in the size range of 1.7±1.9 kb. A short
(z40 nt) tail of dC followed by a short tail of dT was
added using terminal transferase. 59-[32P]oligo(dG30) was
then annealed as a primer, and b was loaded onto the
DNA. The dT tail was to ensure that single strands ex-
isted on both sides of the primer so that the b would
not slide off (Stukenberg et al., 1991). The b±poly(dT)±
(dC40±dT40):59-[32P]oligo(dG30) complex was isolated by
gel filtration away from free b and g complex. The DNA
products after a 2 s incubation with core and SSB either
in the presence or absence of t were indistinguishable
Figure 2. Replication Forks Formed in the Absence of t Move Very
(Figure 1B) and included some material nearly 2 kb inSlowly
length. This indicated that a t-less polymerase was unaf-Replication fork rateswere determined as described in Experimental
fected in its rate of synthesis and could synthesize DNAProcedures using a b±TFII DNA complex in the presence of the
at rates much higher than that observed with the t-lesspreprimosomal proteins, SSB, and core, and in either the presence
or absence of t. DNA products were analyzedby alkaline agarose gel fork. Thus, the reduced rate of replication fork move-
electrophoresis. Both the autoradiograms and lane profiles obtained ment could not be a result of an intrinsic decrease in
with a Fuji BAS 1000 phosphorimager are presented. (A and C) the polymerization rate.
Replication forks formed with core and t. (B and D) Replication forks
To measure the rate of helicase unwinding, we pre-formed with only core. Note the differences in time scale for the
pared BamHI-digested TFII DNA in which the 59 end oftwo types of forks. The length of the largest leading strand at each
the tail was 32P labeled. We then incubated this substratetimepoint was determined by measuring the point of intersection
between straight lines drawn through the background and the trail- with the preprimosomal proteins and followed the reac-
ing (i.e., slowest moving) edge of nascent DNA. The TFII DNA prepa- tion kinetically. The earliest time at which fully unwound
ration used in (B) had a higher percentage of dimer template than material (3.7 kb of duplex region) could be observed was
the one used in (A). There is always a fraction of the template that
determined to be 102 s (by plotting fragment displacedis inactive, yet still gets labeled by the addition of a limited number
versus time and finding the X intercept) (Figure 3). Thus,of nucleotides. This accounts for the apparent bands at about 7
the rate of unwinding catalyzed by DnaB in the preprimo-and 14 kb.
some was about 35 nt/s, very close to the rate of the
t-less replication fork. This suggested that, at the t-less
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fork, the polymerase, which could polymerize nucleo-
tides on poly(dT) at nearly 1000 nt/s (Figure 1B), was
being limited by the slow-moving helicase complex.
The processive nature of the t-less replication fork
was assessed by a challenge protocol (Mok and Mari-
ans, 1987). Replication reactions were initiated with an
isolated b±TFII complex, the preprimosomal proteins,
and the pol III core either in the presence or absence
of t and incubated for 1.5 min. Poly(dA):oligo(dT20) was
then addedas a challenge, and the incubation continued
for 10 min. This challenge substrate will bind both core
and b, as well as DnaB. If added at 0 time to a complete
reaction, the incorporation obtained was reduced by
greater than 90% (Figure 4A).
Both the t-less fork and t-containing forks were pro-
cessive (Figure 4B).This can be seen clearly in the phos-
phorimager profiles (Figures 4C and 4D), where in each
case, either in the presence or absence of challenger,
the profiles overlap and show the same length of lead-
ing-strand product. If the forks were distributive, the
first time a polymerase dissociated it would be captured
by the challenge DNA, effectively stopping the reaction
and leading to the generation of much shorter products.
Thus, on the leading-strand half of a t-less replication
fork, it seemed that a processive b±core polymerase
complex was following behind a processive preprimo-
some complex and that the speed of the fork was limited
to that of preprimosome-catalyzed unwinding. Because
a t-less polymerase itself could still synthesize DNA at
a very high rate, this suggested that in the absence of
t, a required protein±protein connection had not been
established between the helicase and the polymerase
that normally allowed the polymerase to induce a con-
formation in the helicase that permitted high transloca-
tion rates. We show below that this interaction is be-
tween t and DnaB.
A t±DnaB Interaction
We used gel filtration to detect a physical association
between t and DnaB. The two proteins were mixed to-
Figure 4. Processivity of Replication Forks in theAbsence and Pres-
gether with t (as tetramer) in excess at 4 mM and DnaB ence of t
(as hexamer) at 3.3 mM. The mixture was then resolved
(A) Complete replication reactions (lacking only primase) were incu-
by gel filtration though a fast protein liquid chromatogra- bated for 10 min at 308C either in the absence or presence of the
phy (FPLC) Superose 6 column (Figure 5). Under the poly(dA):oligo(dT20) competitor (added at the beginning of the reac-
tion). Incorporation of [32P]dAMP in the absence and presence ofconditions used here, DnaB eluted as a trimer (Bujalow-
the challenge template was 22.1 pmol and 2.5 pmol, respectively.ski et al., 1994), slightly smaller than t, when each protein
(B±D) Replication forks were formed in the presence of the b±TFIIwas gel filtered separately (Figures 5A±5C). t and DnaB
DNA complex, the preprimosomal proteins (PPP), SSB, core, andformed a physical complex as judgedby thenear quanti-
either the presence or absence of t as described in Experimental
tative shift in the presence of t of all the DnaB to a new Procedures. After a 1.5 min incubtion at 308C, [a-32P]dATP and
position eluting significantly larger than t (Figures 5A poly(dA):oligo(dT20), to 3 nM as 39 ends of oligo(dT20), were added
as indicated, and the reaction continued for 10 min. DNA productsand 5D). A similar shift of the majority of the t was
were analyzed as described in Experimental Procedures. (B) showsobserved in the presence of DnaB (Figures 5A and 5D).
the autoradiogram of the gel, and (C) and (D) show the lane profilesThe coelution of t and DnaB was resistant to treatment
in the absence and presence of t, respectively, as determined byof the reaction mixture with micrococcal DNase (Figure
phosphorimager analysis.
5A; data not shown), indicating that their association
was not the result of colocalization on the same frag-
ment of DNA. Thus, t and DnaB could clearly form a spotted onto nitrocellulose paper. DnaB was included
to provide a guide for the sensitivity of the DnaB anti-complex. Was t the only HE subunit that could interact
with DnaB? body, and DnaC was included as a positive control.
The blocked membrane was incubated with a solutionImmunoblotting was used to answer this question.
Decreasing amounts of each HE subunit, along with containingDnaB, glutaraldehyde cross-linking was used
to stabilize interactions, and after washing, cross-linkedDnaB, DnaC, and bovine serum albumin (BSA) were
Polymerase±Helicase Interaction
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Figure 6. Immunoblot of DnaB Interaction with HE Subunits
DnaB interaction with HE subunits was detected by immunoblotting
as described in Experimental Procedures with (A) or without (B)
DnaB. The amounts of protein (in picomoles) listed to the left of the
Figure 5. t and DnaB Form a Complex blots refer only to DnaB, all other proteins were present in the
amounts indicated to the right of the blots.Complex formation between t and DnaB was assessed by gel filtra-
tion chromatography as described in Experimental Procedures.
(A) Protein profiles: t alone (closed squares); DnaB alone (open
arises because of a protein±protein interaction betweensquares); a mixture of t and DnaB (open circles); a mixture of t
the leading- and lagging-strand polymerases that re-and DnaB incubated in the presence of micrococcal DNase (closed
squares). tains the lagging-strand polymerase at the fork (Wu et
(B±D) SDS±PAGE analysis (13% gel): t alone (B); DnaB alone (C); al., 1992b). Key events during a cycle of Okazaki frag-
DnaB mixed with t (D). ment synthesis are also regulated by protein±protein
interactions. The entire cycle is timed by the association
and dissociation of DnaG with DnaB (Wu et al., 1992c;
DnaB on the membrane was visualized by enhanced Tougu et al., 1994), and an interaction between the poly-
chemiluminescence. Of all the HE subunits, only t dis- merase and DnaG regulates primer size and keys the
played a strong interaction with DnaB (Figure 6A). The polymerase to terminate Okazaki fragment synthesis
observed interaction with core was nonspecific, be- and cycle to the new primer without releasing from the
cause it also was detected when DnaB was omitted fork (Zechner et al., 1992; Wu et al., 1992c). We have
from the blotting procedure (Figure 6B). We conclude shown here, as we proposed in our original report on
that it is this t±DnaB interaction that is required to medi- replication fork action (Mok and Marians, 1987), that a
ate rapid replication fork movement. protein±protein interaction between the polymerase and
DnaB is required to mediate rapid replication fork
movement.Discussion
The rate of replication forks reconstituted in the ab-
sence of t was more than an order of magnitude slowerThe E. coli replication fork is composed of a complex
collection of proteins that cooperate with one another than that of forks reconstituted in the presence of t.
This differential rate of DNA synthesis in the presenceto accomplish a series of highly coordinated tasks in
a very efficient manner. The fork proceeds at a high and absence of t was restricted to replication forks. The
rate of synthesis by the polymerase alone on a primedsynthetic rate, simultaneously synthesizing the leading
and lagging strands. Much of the coordination required single-stranded template was the same whether or not
t was present. On the other hand, the rate of preprimo-comes about, in part, as a result of several key protein±
protein interactions. Efficient retargeting of the lagging- some-catalyzed unwinding was found to be nearly iden-
tical to the rate of movement of the t-less replicationstrand polymerase from a just-completed Okazaki frag-
ment to the new primer for the next Okazaki fragment forks.
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It seems likely that, because in isolated reactions the
rate of nascent chain elongation by the polymerase was
about 30-fold greater than that of preprimosome-cata-
lyzed unwinding, under normal conditions the polymer-
ase contacts the helicase via t, inducing a conforma-
tional change in DnaB that increases its unwinding
efficiency. Apparently, in the absence of t, this connec-
tion is not established and the polymerase is doomed
to follow along behind the slow moving helicase. The
acceleration of the rate of DnaB helicase unwinding that
results from the t±DnaB interaction appears to be spe-
cific to the context of the replication fork. The addition
of t to the experiment shown in Figure 3 had no effect
on the rate of preprimosome-catalyzed unwinding (data
not shown).
The detection of a protein±protein interaction be-
tween only t (of all the HE subunits) and DnaB suggests
that this reflects the polymerase±helicase connection.
This raises interesting considerations with respect to
the protein architecture at the fork. t is considered the
HE subunit that dimerizes the leading- and lagging-
strand polymerases. Certainly, in solution, t is required Figure 7. One Possible Arrangement of Proteins at the Replication
to dimerize the pol III core, forming pol III9 (McHenry, Fork
1982; Studwell-Vaughan and O'Donnell, 1991). If this In this diagram, the leading- and lagging-strand polymerases are
holds at the replication fork, a t dimer would bridge the shown in an anti-parallel orientation. With this symmetry, only the
t subunit associated with the lagging-strand polymerase wouldtwo template strands.
likely be close enough to DnaB to establish a protein±protein con-The disposition of DnaB is more problematic. Evi-
nection. See text for details. The drawing is not to scale.dence suggests that helicases translocate via a mecha-
nism that involves conformationally asymmetric dimers
of identical subunits that alternate their conformations
the leading- or lagging-strand half of t contacts DnaBin a reaction driven by ATP hydrolysis. Geiselmann et
is also not clear. We know that both t and b contact theal. (1993) have proposed that the hexameric helicase
C-terminus of the a polymerase subunit through theRho functions as a trimer of asymmetric dimers that
C-terminal end of t (D. R. Kim and C. S. M., submitted).have low and high affinity RNA-binding sites that alter-
The simplest multimeric form of t is a dimer that cannate with ATP hydrolysis. In this case, the RNA is thought
bridge two polymerases. Even though these presentto be wrapped around the hexameric helicase. With Rep
studies focused on the leading-strand polymerase, inhelicase, Wong and Lohman (1992) have proposed that
our experiments, a dimer of t would be present, includ-the asymmetric dimer has binding sites for both single-
ing the subunit that is capable of binding the lagging-and double-stranded DNA. The affinity of these binding
strand polymerase. Although multiple geometries aresites for their substrate is modulated by ATP binding
possible, thesimplest to envision would be a connectionand hydrolysis. DnaB has been shown to be a dimer of
with DnaB through the t subunit that contacts the lag-trimers, although a rearrangement of the organization
ging-strand polymerase (Figure 7), because the C-termi-of the monomers occurs during hexamer formation (Bu-
nal domain of the leading-strand polymerase is presum-jalowski et al., 1994).
ably z100 AÊ from the fork, in contact with the b slidingRecent reports regarding the binding of hexameric
clamp behind it (Reems et al., 1995).helicases to DNA strongly suggest that the enzymes
Of course, other alternatives exist. For example, di-encircle the DNA (Mastrangelo et al., 1989; Egelman et
merization of the leading- and lagging-strand polymer-al., 1995). What is not clear is whether they encircle
ases may not require t, but as has been suggestedsingle- or double-strandedDNA or theunwinding branch
previously (Wu et al., 1992b), may occur spontaneouslypoint. The Wong and Lohman model could be accom-
at the fork. t may exist coupled only to the leading-modated by this arrangement if the DNA-binding sites
strand polymerase, and the connection with DnaB mayexist in the interior of the toroid formed by the DnaB
be only on the leading-strand side of the fork. Resolutionhexamer. Thus, DnaB may encircle the unwinding
of these issues awaits visualization of the architecturebranch point, with double-stranded DNA entering the
of the replication fork.interior and single-strands fanning out behind.
These studies establish the existence of a direct linkThe nature of the connection between t and DnaB
between the two major replication machines: the heli-while the translocations required for DNA unwinding
case±primase complex and the polymerase. This pro-occur is not clear. Perhaps the DnaB monomer con-
vides not only a physical link but also a communicationstacted by t alternates with rounds of ATP hydrolysis.
link, evidenced here by an enhanced catalytic efficiencyThe arrangement of t, DnaB, and DNA at the replication
of the helicase induced by binding t. The primase func-fork may be similar to a bearing and an axle where the
tions through interaction with DnaB at the replicationDNA is the axle, t is the ball bearing, and DnaB is the
race or casing in which the ball bearing slides. Whether fork (Tougu et al., 1994). Thus, a t±DnaB link could also
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their standard reaction concentrations for 1 min at 308C. NTPs, thefunction to communicate to the lagging-strand polymer-
two remaining dNTPs, and [a-32P]dATP were then added to theirase that a primer has been synthesized at the replication
standard reaction concentrations to give a final reaction volume offork, signaling the lagging-strand polymerase to release
132 ml, and the incubation continued at 308C. Aliquots (20 ml) were
and recycle to the new primer. Since both t and b bind withdrawn at the indicated times, the reaction was terminated by
to the C-terminus of a, a minor conformational change the addition of EDTA to 40 mM, and the DNA products were analyzed
by electrophoresis through alkaline agarose gels. The gels weremight permit destabilization of the a±b interaction, per-
dried and exposed to phosphorimager screens and X-ray film.mitting polymerase release and cycling.
Polymerase Rates
Reaction mixtures were as above for the b±TFII complex exceptExperimental Procedures
that 20 ml of the peak fraction of the b±poly(dT)±(dC40±dT40):59-[32P]ol-
igo(dG30) complex was used and the reactions were terminated afterDNA Replication Proteins and Assays
a 2 s incubation at 308C by dropping the tube into liquid nitrogen.wX-type primosomal proteins were purified as described (Marians,
The samples were thawed by mixing rapidly in the presence of1995). Pol III HE subassemblies and subunits were purified as indi-
excess EDTA. Analysis of reaction products was as above.cated: core (McHenry and Crow, 1979), b (Johanson et al., 1986), t
and g (Dallmann et al., 1995), d and d9 (M. Olson, J. Carter, M. A.
Determination of the Rate of Helicase UnwindingFranden, and C. S. M., unpublished data), and cx (Olson et al., 1995).
The 59 end of the TFII DNA was labeled with 32P using [g-32P]ATP andSSB was purified according to Minden and Marians (1985).
polynucleotidyl kinase after the original 59 phosphate was removedTFII DNA template was prepared according to Mok and Marians
using alkaline phosphatase. The labeled TFII DNA was digested with(1987). Rolling circle replication reaction mixtures (12 ml) containing
BamHI DNA, which cleaves only once. The distance in the 59→3950 mM HEPES±KOH (pH 7.9), 12 mM MgOAc, 10 mM DTT, 5 mM
direction between the 59 end of the TFII and the BamHI cleavageATP, 80 mM KCl, 100 mg/ml BSA, 0.42 nM TFII (as molecules), 1.1
site is 3993 nt; however, only 3685 nt of the fragment is in duplexmM SSB, 3.2 nM DnaB, 56 nM DnaC, 680 nM DnaG, 28 nM DnaT,
form. Linearized 59-[32P]TFII DNA (0.42 nM) was incubated at 308C2.5 nM PriA, 2.5 nM PriB, 2.5 nM PriC, and the indicated pol III
in a reaction mixture (150 ml) containing 50 mM HEPES±KOH (pHsubunits (when present, all pol III subassemblies or subunits were
7.9), 12 mM MgOAc, 10 mM DTT, 1 mM ATP, 80 mM KCl, 0.1 mg/at 28 nM) were incubated at 308C for 2 min. GTP, CTP, and UTP
ml BSA, and SSB and the preprimosomal proteins at their replicationwere then each added to 200 mM, ATP to 1 mM, and the dNTPs to
reaction concentrations. Aliquots (12 ml) were withdrawn every 3040 mM, and the incubation continued for 1.5 min. [a-32P]dATP was
s, and the reaction was terminated by the addition of EDTA. DNAthen added to give a specific activity of 2000±4000 cpm/pmol, and
products were analyzed by electrophoresis through 1.2% agarosethe incubation continued for 10 min. The reactions were terminated
gels at 5 V/cm for 4 hr using 50 mM Tris±HCl (pH.7.9), 40 mM NaOAc,by the addition of EDTA to 40 mM. An aliquot of the reaction mixture
and 1 mM EDTA as the electrophoresis buffer. The gel was driedwas acid precipitated for the determination of total DNA synthesis,
and autoradiographed.and theDNA products were analyzed by alkaline agarose gel electro-
phoresis as described by Wu et al. (1992a).
Isolation of a t±DnaB Complex
t (4 mM) and DnaB (3.3 mM) were incubated in a buffer (200 mlIsolation of b±Template DNA Complexes
volume) containing 50 mM HEPES±KOH (pH 7.4), 0.5 mM DTT, 100b±TFII DNA Complexes
mM potassium glutamate, and 5% glycerol for 30 min on ice andA reaction mixture (120 ml), containing 0.83 nM TFII DNA, 82 nM b,
then filtered through a FPLC Superose 6 column, which was devel-41 nM g complex, 1.1 mM SSB, 50 mM HEPES±KOH (pH 7.9), 12
oped with the same buffer at 0.2 ml/min. Micrococcal nuclease (30mM MgOAc, 10 mM DTT, 2 mM ATP, 80 mM KCl, 0.1 mg/ml BSA,
units) treatment was in the same buffer supplemented with 1 mM200 mM each of GTP, CTP, and UTP, and 40 mM dNTPs, was incu-
CaCl2 and 10 mM MgCl2. Incubation was at 308C for 15 min followedbated for 10 min at 308C and then filtered through a 5 ml Biogel
by 15 min on ice before loading on the column. Aliquots (25 ml) ofA-150m (Bio-Rad) column equilibrated with buffer R9 (62.5 mM
fractions (0.5 ml) containing protein were analyzed by electrophore-HEPES±KOH (pH 7.9), 15 mM MgOAc, 12.5 mM DTT, 125 mg/ml
sis through 13% SDS±polyacrylamide gels. The gels were stainedBSA, 105 mM KCl, 6.25 mM ATP, 50 mM dCTP, and 50 mM dGTP).
with Coomasie blue and photographed.Fractions (100 ml) containing excluded material were identified by
locating the 3H-TFII DNA, and the peak fraction was used for assay.
Immunoblotsb±Poly(dT)±(dC40±dT40):Oligo(dG30) Complexes
The indicated amounts of proteins were spotted onto nitrocelluloseA dC40 tail was added to poly(dT) of average length 1.9 kb (Midland
paper using an S & S Minifold II dot blotting apparatus and dried.Certified Reagent Company) in a reaction mixture (200 ml) containing
The paper was blocked by incubation with 5% nonfat dried milk in0.2 M potassium cacodylate (pH 7), 0.5 mM CoCl2, 0.1 mM DTT, 100
PBS for 1 hr at room temperature. DnaB (1.6 mg/ml) was incubatedmg/ml BSA, 0.25 mM dCTP, 100 nM poly(dT), and terminal deoxy-
with the blot for 15 min in a solution containing 40 mM HEPES±KOHnucleotidyl transferase (230 units) by incubating for 6 min at 308C.
(pH 8), 12 mM MgOAc, 5 mM DTT, 0.1 mg/ml BSA, 4% sucrose,The poly(dT)±(dC40) was recovered by ethanol precipitation after
and 1 mM ATP. Glutaraldehyde was then added to a final concentra-extraction with phenol±chloroform. A second incubation with termi-
tion of 0.1%, and the incubation continued for 45 min. The blot wasnal transferase was used to add a dT40 tail to the poly(dT)±(dC40).
then washed with TPS plus 2% milk and 200 mM glycine and thenPoly(dT)±(dC40±dT40) was recovered from this reaction mixture and
washed four times with PBS plus 2% milk. Anti-DnaB antiseraannealed with oligo(dG30) that had been labeled at the 59 end using
(1/2000 dilution) in PBS was incubated with the blot overnight at[g-32P]ATP and T4 polynucleotidyl kinase in a reaction mixture (250
48C. The blot was washed five times with PBS plus 2% milk andml) containing 50 mM Tris-OAc (pH 7.5), 200 mM NaCl, 20 mM MgCl2,
then incubated with goat anti-rabbit IgG coupled to horseradish45 nM poly(dT)±(dC40±dT40), and 200 nM oligo(dG30), by heating to
peroxidase (1/6000 dilution) in PBS. The secondary antibody was758C for 2 min, and then cooling slowly (2 hr) to room temperature.
washed out, and conjugates were detected using an enhancedb was loaded onto this primer template in a reaction mixture (240
chemilumenescence kit from Amersham.ml) containing 20 nM poly(dT)±(dC40±dT40):59-[32P]oligo(dG40), 770 nM
b, and 41 nM g complex as described above for the TFII DNA.
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